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Photosynthetic organisms can fix atmospheric carbon using light energy to drive a series of chemical and redox reactions. During photosynthesis, fixed carbon is transported to the cytosol or held in the chloroplasts and converted to sucrose and starch, respectively. Fructose-1,6-bisphosphatase (FBPase; EC 3.1.3.11.) catalyzes the hydrolytic dephosphorylation of fructose 1,6-bisphosphate (Fru 1,6-P 2 ) to fructose 6-phosphate and inorganic phosphate. Two FBPase isoenzymes, a cytosolic isoform, a key enzyme in gluconeogenesis, and a chloroplastic isoform, one of the rate-limiting enzymes involved in the Calvin cycle, have been identified in photoautotrophic eukaryotic cells. [1] [2] [3] [4] [5] The characteristics of chloroplastic FBPase markedly differ from those of cytosolic FBPase with respect to regulation by the reduction of disulfide bonds via the thioredoxin system. The activity of cytosolic FBPase, which catalyzes the first reaction in the conversion of triose phosphates to sucrose in plants, 6) is regulated by allosteric signaling metabolites such as fructose 2,6-bisphosphate (Fru 2,6-P 2 ) and AMP, as with all other gluconeogenic enzymes from other species. 6, 7) Previous studies reported that a reduction in cytosolic FBPase activity restricted the synthesis of sucrose and corresponding accumulation of starch in plants. [8] [9] [10] [11] [12] Euglena gracilis, a unicellular phytoflagellate, has been proposed as an attractive feedstock because it has the ability to highly accumulate a storage polysaccharide, a β-1,3-glucan known as paramylon, under aerobic conditions. When grown aerobically and then transferred to anaerobic conditions, E. gracilis cells have been shown to degrade paramylon in order to actively synthesize and accumulate wax esters by a unique metabolic process, called "wax ester fermentation." 13, 14) Thus, accumulation of paramylon and glycolysis seems to be important for wax esters production in Euglena. However, the regulatory mechanisms in the metabolic processes of paramylon and wax esters have not yet been elucidated in detail because genetic information on Euglena is limited to understanding these dynamic metabolic changes.
A biochemical analysis was previously conducted on the enzymes involved in carbon metabolism in Euglena.
15) Recently, we have reported that characterization of two types of chloroplastic FBPases, EgFBPaseI and II in Euglena, and EgFBPaseI played a critical role in the Calvin cycle in order to maintain normal cell growth. 16) On the other hand, cytosolic FBPase was considered a key enzyme in gluconeogenesis as well as a positioned branch point of carbon partitioning between paramylon and wax ester biosynthesis; thus, this enzyme may play an important role in carbon metabolism in Euglena cells. Therefore, to clarify the physiological function of cytosolic FBPase in carbon partitioning in Euglena, we herein identified a full-length cDNA encoding the putative cytosolic FBPase isoform (EgFBPaseIII) from E. gracilis by searching the cDNA database constructed by a recent comprehensive gene expression analysis (Yoshida et al., unpublished data). In this study, we demonstrated the enzymatic characterization of the recombinant cytosolic FBPase protein and examined the effects of the suppression of cytosolic FBPase on paramylon biosynthesis in Euglena cells.
Materials and methods
Cell strain and culture conditions. E. gracilis Z was maintained by regular subculturing and was grown photoautotrophically in Cramer-Myers medium 17) on a rotary shaker (120 rpm) under continuous light (100 μmol photons m −2 s −1 ) at 26°C. Cell density and volume were measured using the CASY Cell Counter and Analyzer System (Roche Applied Science, Basel, Switzerland).
Cloning of cDNA encoding EgFBPaseIII. cDNA encoding EgFBPaseIII was amplified by PCR from the first-strand cDNA synthesized from the total RNA of Euglena using the following specific primer sets; EgFBPaseIII-Nde I-F (5′-CATATGTCTGCCCCTTGGT-CAATTGG-3′) and EgFBPaseIII-BamH I-R (5′-GGATCCCTATGCAGCCAGCCCCAGCTCC-3′). The amplified cDNA fragment was ligated into pT7 Blue Tvectors (Novagen, Madison, WI, USA). The resulting construct was digested with Nde I/BamH I and ligated into the pCold II vector (TaKaRa, Kyoto, Japan) to produce a hexahistidine-tagged recombinant EgFBPaseIII protein. The resulting plasmid was introduced into Escherichia coli strain BL21 Star (DE3) pLysS cells.
Expression and purification of the recombinant EgFBPaseIII protein. E. coli strain BL21 Star (DE3) pLysS, which was transformed with pCold II/EgFBPaseIII, was grown in 50 mL of LB medium containing 50 μg mL −1 of ampicillin and 34 μg mL −1 of chloramphenicol. After an overnight culture at 37°C, the cultures were transferred to 500 mL of LB medium (with the antibiotics) and grown to an A600 of 0.4-0.5. After cooling the culture at 15°C for 30 min, isopropyl-1-thio-β-D-galactopyranoside was added at a concentration of 0.4 mM, and the cells were incubated for 16 h at 15°C. The harvested cells were resuspended in 100 mM Tris-HCl (pH 8.0) containing 0.2 M NaCl, 10 mM imidazole, and 2.5 mM DTT, were sonicated (10 kHz) using 30-s strokes with 30-s intervals, and then centrifuged at 15,000×g for 15 min. The hexahistidine-tagged recombinant EgFBPaseIII protein was purified from the soluble fraction using a HiTrap chelating HP column (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. Protein content was determined following the method of Bradford.
18)
Enzyme assay. E. gracilis cells (20 mL) were harvested by centrifugation (8000×g for 5 min), resuspended in 100 mM Tris-HCl (pH8.0) buffer containing 10 mM MgCl 2 , 1 mM EDTA, 2.5 mM DTT, 1 mM GSH, and 0.1% (v/v) Triton X-100, and sonicated for a total of 1 min with five intervals of 10 s each. The FBPase activities of the crude extract and purified recombinant EgFBPaseIII protein were assayed as described previously. 19) To remove DTT completely from the purified recombinant protein for the oxidative inactivation assay, the DTT-reduced recombinant protein was chromatographed on a column of PD-10 (GE Healthcare) equilibrated with 100 mM Tris-HCl (pH 8.0) containing 10 mM MgCl 2 , and 1 mM EDTA. The resultant recombinant protein was pre-incubated with several H 2 O 2 concentrations for 10 min on ice and then used to determine FBPase activity.
Recombinant EgFBPaseIII activities were measured at buffer pH ranges of 6.0-9.0. The buffers used were 100 mM MES-NaOH (pH 6.0-7.0) and 100 mM Tris-HCl (pH 7.0-9.0).
RNA interference experiments.
The silencing of EgFBPaseIII by RNAi was performed as described previously. 20) Approximately 500-bp partial EgFBPaseIII cDNA was PCR-amplified with the addition of the T7 RNA polymerase promoter sequence (underlined in the primer sequences below). The primers used were as follows: EgFBPaseIII/RNAi-F (5′-TAATACGACTCA-CTATAGGGAGAACCAGGGAGTCCACCGCTTCAC-CTTGG-3′) and EgFBPaseIII/RNAi-R (5′-TAATACG-ACTCACTATAGGGAGACTATGCAGCCAGCCCCA-GCTCCTTGTACTTG-3′). The double-stranded RNA (dsRNA) of EgFBPaseIII was synthesized using the MEGAscript RNAi Kit following the manufacturer's instructions (Life Technologies, Carlsbad, CA). Photoautotrophically grown Euglena cells from 7-day-old cultures were collected and resuspended in CM medium. The cell suspension was mixed with 15 μg of EgFBPaseIII-dsRNA (total 100 μL; approx. 2 × 10 6 cells), transferred to a cuvette with a 0.2-cm gap and electroporated using NEPA21 (NEPA GENE, Chiba, Japan). The cell suspension was diluted with 100 mL of fresh CM medium and cultured for 7 days under normal conditions (100 μmol photons m −2 s −1 , ambient air) or for 4 days under high CO 2 conditions (250 μmol photons m −2 s −1 , 0.3% CO 2 ) with mild agitation (120 rpm) at 26°C in the plant growth chamber, BioTRON NC350 (Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan).
Semi-quantitative RT-PCR analysis.
Total RNA was prepared from control cells, which were electroporated without dsRNA and EgFBPaseIII-dsRNAintroduced Euglena cells using RNAiso reagent (Takara). First-strand cDNA was synthesized using reverse transcriptase (ReverTra Ace; Toyobo, Osaka, Japan) with a random primer. The specific primers used to amplify the cDNAs encoding EgFBPaseIII and EF1-α were as follows: EgFBPaseIII-F (5′-CTGC-CCCTTGGTCAATTGGAATTC-3′), EgFBPaseIII-R 2 T. Ogawa et al.
(5′-GGCACTAAGAAGGACAGCAAGCTC-3′), EF1-α-F (5′-GCACATCAGTCTCGTTGTCATTGGA-3′), and EF1-α-R (5′-TTTCAGAGGCCTCGATCATGTTGTC-3′). PCR amplification was performed for 22 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s, followed by 72°C for 5 min. The equal loading of each amplified cDNA was determined using EF1-α (elongation factor 1-α) from Euglena (accession no. X16890).
Measurements of photosynthetic activity and respiration rate.
The reaction mixture (2 mL) containing CM medium, 1 mM NaHCO 3 , and an arbitrary number of E. gracilis cells was illuminated (approx. 300 μmol photons m −2 s −1 ) with white light at 26°C. The rates of O 2 evolution and uptake were measured with an oxygen electrode (Hansatech Instruments Ltd., King's Lynn, UK) under light and dark conditions, respectively.
Analysis of paramylon content.
Approximately 10-20 mg of freeze-dried E. gracilis cells was suspended in 10 mL of acetone. The mixture was sonicated and vortexed for 1 min and then centrifuged at 11,000×g for 5 min. The supernatant was discarded and these steps were repeated two times. After the pellet was resuspended with 10 mL of 1% (w/v) SDS and vortexed for 1 min, the cell suspension was heated in boiling water for 30 min and centrifuged at 11,000×g for 15 min. After the supernatant was discarded, 10 mL of 0.1% (w/v) SDS was added to the pellet and vortexed for 1 min. After centrifugation (11,000×g for 5 min), the pellet was washed with MilliQ water and resuspended in 10 mL of 1 N NaOH. To determine the amount of free glucose in the cell suspension, a 0.5-mL aliquot was mixed with 0.5 mL of 5% phenol and 2.5 mL of concentrated H 2 SO 4 . After being incubated at 30°C for 30 min, absorbance was measured at 490 nm. Absorbance was transformed to glucose equivalents using a standard calibration curve.
Data analysis.
The significance of differences between data sets was evaluated by the t-test. Calculations were carried out with Microsoft Excel software.
Results and discussion

Purification and characterization of the recombinant EgFBPaseIII protein
We identified three full-length cDNAs containing a 5′ spliced leader sequence that encoded the putative FBPase from E. gracilis RNA-seq data (Yoshida et al., unpublished data), and these cDNAs were designated as EgFBPaseI-III (accession numbers LC015802, LC015803, and LC015804, respectively). EgFBPaseI and II had putative plastid-targeted signal peptides at the N-terminus. In addition, EgFBPaseI retained the typical chloroplastic FBPase regulatory redox domain containing two cysteine residues. 16) On the other hand, EgFBPaseIII did not contain both of these sequences, suggesting it to be a cytosolic FBPase isoform. The amino acid sequence of EgFBPaseIII showed low identity (35%) with EgFBPaseI and II, while it showed higher identity of 51-52% with other cytosolic FBPases from plants. EgFBPaseIII had an additional cytosolic FBPase in E. gracilis 3 sequence at the N-terminus that other cytosolic FBPases did not possess; however, this N-terminal region contained no signal peptide or known domain architecture (Fig. 1) . A hexahistidine-tagged recombinant EgFBPaseIII protein was produced using E. coli and purified from the extract using a HiTrap chelating column in order to characterize cytosolic EgFBPase. As shown in Fig. 2 , the purified his-tagged recombinant EgFBPaseIII protein agreed with the predicted molecular mass (52 kDa). As shown in Table 1 , the K m value of EgFBPaseIII was 10-and 130-fold lower than those of Euglena chloroplastic FBPases, EgFBPaseI and II, respectively. In addition, the catalytic efficiency (k cat /K m ) of EgFBPaseIII was 1600-and 3200-fold higher than those of EgFBPaseI and II, respectively. Thus, EgFBPaseIII possessed high affinity for Fru 1,6-P 2 , similar to other cytosolic FBPases from plants ( Table 1 ). The EgFBPaseIII protein was the most active at a neutral pH range (Fig. 3) , which was consistent with previous findings on cytosolic FBPases purified from plants and animals. 7) Plant cytosolic FBPases were previously shown to be significantly inhibited by AMP. 6) However, the activity of EgFBPaseIII was not inhibited (Fig. 4) . The activities of chloroplastic FBPases are known to be inhibited by oxidation and are fully reactivated by a reductant such as DTT or GSH, because their activities were shown to be regulated by the reduction of disulfide bonds via the ferredoxin-thioredoxin system. 21, 22) On the other hand, cytosolic FBPases were not regulated by redox modulation. The activity of EgFBPaseIII was partially inhibited by the H 2 O 2 treatment, but was not reactivated when incubated with DTT (Fig. 5) , indicating that EgFBPaseIII was nonspecifically oxidized at amino acid residues, but not specific Cys residues. Euglena FBPase was partially purified by Miyatake et al. 23 ) from E. gracilis SM-ZK, a bleached mutant. The optimal pH of this enzyme was 7.2, and its activity was inhibited by Fru 2,6-P 2 , but not by AMP. The Lys-residue, which is known to be essential for inhibiting Fru 2,6-P 2 in gluconeogenic FBPases, Notes: The recombinant EgFBPaseIII protein was overexpressed in E. coli, purified with Ni 2+ affinity chromatography, and verified with SDS-PAGE with Coomassie blue staining. Lanes (M), (C), and (P) indicate the molecular mass standards, crude extract of EgFBPaseIIIoverexpressing E. coli, and the purified recombinant EgFBPaseIII protein, respectively. Notes: A standard assay was used with Fru 1,6-P 2 concentrations of 0.78-400 μM. Data are the means of 3 independent determinations ± SD. Notes: A semi-quantitative RT-PCR analysis of EgFBPaseIII and EF1-α expression levels, total FBPase activities in crude extracts, photosynthetic activities, and respiration rates of control (-dsRNA) and KD-EgFBPaseIII Euglena cells grown under normal conditions for 7 days (A-D) or under high CO 2 for 4 days (E-H) after electroporation. Data are the means of 6-12 independent determinations ± SD (B and F). Asterisks indicate significant differences from control Euglena cells ( ** p < 0.01). Each plot represents a measurement on a different culture of control and KD-EgFB PaseIII cells (C, D, G, and H) . The plots × in (G) represent photosynthetic activities after addition of 10 mM KH 2 PO 4 .
cytosolic FBPase in E. gracilis 5 was also conserved in EgFBPaseIII at Lys-408 (Fig. 1) . These results and previous findings indicate that cytosolic EgFBPaseIII is identical to the neutral FBPase partially purified by Miyatake et al. 23) and suggest that this enzyme is regulated by Fru 2,6-P 2 , but not by AMP or reversible redox modulation in Euglena cells.
Effects of suppressing cytosolic EgFBPaseIII on biomass production
To investigate the effects of suppressing cytosolic FBPase on biomass production by Euglena cells, transiently suppressed EgFBPaseIII gene expression cells (KD-EgFBPaseIII) were generated by introducing dsRNA into cells and then grown under normal (100 μmol photons m −2 s −1 at ambient air) conditions for 7 days after the introduction of dsRNA. The significant suppression of EgFBPaseIII gene expression in KD-EgFBPaseIII cells was confirmed by semi-quantitative RT-PCR (Fig. 6(A) ). Total FBPase activity was 65% lower in the KD-EgFBPaseIII cells than in control cells (Fig. 6(B) ). Cytosolic FBPase activity was found to account for approximately 70% of total FBPase activity in Euglena cells grown under normal conditions (Supplemental Table 1 ); thus, almost of cytosolic FBPase activity was decreased in the KD-EgFBPaseIII cells. A previous study reported that decreased cytosolic FBPase activity (40-62%) led to reductions in the synthesis of sucrose, the accumulation of phosphorylated intermediates and starch, and inhibition of photosynthesis and shoot growth in Arabidopsis.
10)
However, no significant differences were observed in the photosynthetic activity, paramylon content, and respiration rate in KD-EgFBPaseIII cells under normal growth conditions (Fig. 6(C) and (D), Table 2 ). Furthermore, the growth of KD-EgFBPaseIII cells was slightly but significantly increased ( Fig. 7(A) , Table 2 ). Concomitant with this, the dry weight of KD-EgFBPaseIII cells was slightly higher than that of the control cells ( Fig. 7(B) , Table 2 ). These results suggest that fixed organic carbon partitioning to numerous cellular metabolic pathways such as the syntheses of amino acids and nucleotides and the TCA cycle was enhanced by the suppression of cytosolic FBPase and resulted in an increase in the growth of KD-EgFBPaseIII cells. When KD-EgFBPaseIII cells were grown under high CO 2 (250 μmol photons m −2 s −1 at 0.3% CO 2 ) conditions for 4 days (Fig. 6(E) ), total FBPase activity was 78% lower than that in control cells (Fig. 6(F) ). In addition, photosynthetic activity in the KD-EgFBPaseIII cells was slightly (18%) lower than that in the control cells (Fig. 6(G) ). It has reported that transgenic Arabidopsis diminishing in cytosolic FBPase activity showed a decrease in photosynthesis due to Pi-limitation. 10) Moreover, photosynthetic activity in chloroplasts isolated from E. gracilis cells was strictly dependent on orthophosphate concentration. 25) Recently, we have reported that the photosynthetic activity was inhibited by 60% in the KD-EgFBPaseI cells, although total FBPase activity in the KD-EgFBPaseI cells was only 30% lower than control cells. 16) These findings suggest that the suppression of EgFBPaseIII activity in Euglena cells grown under high CO 2 conditions causes the Pi-limitation of photosynthesis. In fact, photosynthetic activities were slightly increased by addition of 10 mM KH 2 PO 4 , and there was no significant difference in photosynthetic activity between control and KD-EgFBPaseIII cells (Fig. 6(G) ). Nevertheless, no significant differences were observed in paramylon contents and respiration rate between the control and KD-EgFBPaseIII cells (Fig. 7(F) , Table 2 ). As shown in Table 1 , EgFBPaseIII possessed high affinity and enzymatic ability for Fru 1,6-P 2 ; therefore, residual cytosolic FBPase activity in KD-EgFBPaseIII cells may have been sufficient for normal paramylon biosynthesis. In plants, not only triose phosphates, but also glucose 6-phosphates were shown to be exported from chloroplasts to the cytosol by a glucose 6-phosphate translocator. 26) Thus, another possibility to be considered is that paramylon is not only produced through gluconeogenesis including cytosolic FBPase, but is also synthesized from other metabolites such as glucose 6-phosphates exported directly from chloroplasts in E. gracilis. Some cDNAs encoding a putative sugar-phosphate transporter/translocator were detected in E. gracilis RNA-seq data (Yoshida et al., unpublished data). In comparison with plant cytosolic FBPases, the physiological significance of microalgal cytosolic FBPases in carbon metabolism has not yet been clarified. In this study, we initially identified and characterized the gene encoding cytosolic FBPase, EgFBPaseIII, in Euglena. Recombinant EgFBPaseIII showed unique regulatory characteristics, unlike chloroplastic and cytosolic FBPases from plants. However, no significant differences were observed in the production of paramylon in KD-EgFBPaseIII cells; nevertheless, FBPase activity was markedly decreased in KD-EgFBPaseIII cells. On the other hand, the growth of KD-EgFBPaseIII cells was slightly higher than that of control cells. In future studies, the physiological function of EgFBPaseIII in carbon partitioning in Euglena cells may be elucidated in more detail by a metabolic profiling analysis of KD-EgFBPaseIII cells.
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